Air pollution is a major problem in many of China's cities, with SO 2 , NO x and PM emissions exceeding World Health Organisation's air quality standards. The environmental (dis-) performance of Chinese vehicles contributes largely to this problem. The fuel-cell system represents a technology that could eliminate much of the local air-pollution problem. However, the chances of fuel-cell cars during the next decades are still highly questioned.
INTRODUCTION
Air pollution is a major problem in China. Carbon monoxide (CO) levels and ozone concentrations exceed nationally specified limits, mainly due to coal combustion and vehicle exhaust emissions. The poor traffic management and environmental performance of Chinese vehicles have partially created this problem, and the air pollution will increase even more as the vehicle population is expanding rapidly. The consequences are already high: respiratory illness, caused by vehicular air pollution, accounts for 14% of all deaths in Chinese urban areas 1 . In Europe, by comparison, related fatalities are around 3% and worldwide it is estimated to be around 5% (between 2.5% and 11%).
The fuel-cell system represents a technology that can contribute to the reduction of carbon dioxide (CO 2 ) emissions -the major contributor to the greenhouse effect-, and can eliminate the local pollution problem to megacities of the industrial and the less-developed world. Other advantages of fuel cells expressed are the high efficiency, low maintenance (due to only a few moving parts), and low noise level.
The environmental pollution in China, the advantages of fuel-cell cars, the research activities of Paul Scherrer Institute (PSI) in the fuel-cell field and energy models, form the background of this research. The objective of the research is to explore the allocation of fuelcell cars in China, using the MARKAL-model 2 and in forms of scenarios.
To carry out the research a methodology is set up, which focuses on the use of (qualitative) scenarios and the energy model MARKAL.
METHODOLOGY
Looking into the future is a tough process and its results are uncertain. Forecasts provide one way of reducing the decision maker's uncertainty and risk 3 , but the goal of scenario generation changed from reducing uncertainty to learn to deal with uncertainties 4 . The issue that might happen (i.e. the exploration) is therefore becoming more important instead of trying to forecast the issue.
Scenarios can be applied in exploration studies, i.e. in studies that make statements of the future based on theories, but less on historical data and by use of a computer model. Other future research methods are projections, speculations and prognoses 5 . Scenarios are tools that describe pictures of the future world within a specified framework and under specified assumptions 6 .
In general, four steps are followed to set up and work out scenarios 4 : a) basic analysis; b) future analysis; c) designing scenarios; d) confrontation of strategies and scenarios.
The methodology applied in this research is a combination of known methodologies 7, 8 based on the general structure. In the methodology by Ogilvy & Schwartz 7 , a detailed description of the phases of the scenario process is given, in which attention is paid to multi-disciplinary developments. However, no specific attention is paid to computer models. "The practice of technology forecasting" by Schaeffer 8 is a reflection of how the technological forecasters at the Energy Research Centre of the Netherlands (ECN) went through in carrying out their work with (energy) models. His description of the process is focused specifically on the use of computer models in future research (straightforward). The "step by step plans" are combined to highlight the use of a computer model and of the multi-disciplinary approach.
The energy model MARKAL, applied in this research, is a bottom-up, dynamic linear programming (LP) model, which selects the optimal combination of technologies and energy flows that minimizes the total energy system cost and meets the specified energy demand 2, 9 . It has several advantages for transport related exploration studies: 1) It is a widely applied, accepted, and data-intensive model, specialised on the full energy systems of a country or region; 2) it can be applied on different aggregation levels; and 3) it is suitable for exploring alternatives with a long time horizon. The model is described in more detail in the Appendix.
By combining the two methodologies, the following "step by step plan" is set up: Phase 1. Topic and aim
In the first phase the topic is selected and the aim is formulated. The aim of this research is expressed in the previous section. The time-horizon of the scenarios in this research is set from the present till 2045. This time period is long enough for three to four vehicle lifetimes, leaving enough room for developments and ideas.
Phase 2. Basic and future analysis
In the basic and future analysis, the main features of the technology and trends of the technology development are discussed. Key factors in the micro-environment are analysed. In this research, it will be the factors (and actors) that influence the diffusion of fuel-cell cars in China. After having identified the key factors, the driving forces in a macro-environment are determined. These are trends (social, economic, political, environmental and technological) that influence the key factors in the micro-environment 7 .
Phase 3. Designing scenarios
The first step in this phase is to rank the key factors and driving forces, identified in the previous steps, by importance and uncertainty based on the methodology proposed by Schwartz 10 . Based on the proposed ranking the most important and most uncertain driving forces that are selected to generate a few scenarios. The selection of these factors and forces will actually determine the axes along which the scenarios will vary.
In general, between two and four scenarios are worked out 11 . In this research four scenarios are worked out, based on three scenario-axes. By having determined the different scenarios (-axis), and eventually transformed into input parameters, these parameters are put into the computer model to assess the different scenarios. Phase 4. Analysis of model outcomes and working out scenarios By having the outcomes of the model run, the scenarios can be worked out in more detail. Here the qualitative description underpins the quantitative part (outcomes model) and the other way around, so that finally plausible, consistent, relevant, and original stories arise 11 . In these scenarios, each key factor and trend identified in phase two should be highlighted.
Phase 5. Implications
In the last step the different scenarios are analysed and looked at the implications of each scenario for the company. The scenarios can be used in two ways: 1) to move from scenario to strategic options and 2) to start with an existing strategy and tests it against a range of scenarios 12 .
In Table 1 the different phases and steps are summed up. In practice, some steps can be executed simultaneously. Besides, it can be necessary to go one phase or step backwards during the process 8, 11 (as the scenario process is a cyclical process).
SCENARIO GENERATION
Out of the basic and future analysis, twenty-one key factors and driving forces were derived that influence the diffusion of fuel-cell cars in China, which is discussed extensively by Rits 13 . An overview of key factors and driving forces can be found in Table 2 , as well as whether the force is worldwide related or specifically China related. Three crucial clusters of driving forces can be derived, which (are assumed to) have high scores on both importance and uncertainty (the conditions for selection). The first cluster contains these driving forces that have to do with the role of the government (bounds and taxes on emissions). The second cluster of driving forces deals with technology development (higher efficiency, new technologies). Finally, the third clusters of forces deals with the shortage on fossil fuels (after 2025) and the price of oil. The three clusters of crucial driving forces will form the scenario-axes: • Technological development: low versus high; • The role of the government with regard to environmental policy: no emission restrictions versus high emission restrictions; • The price of fossil fuels: "modest" (increase) versus high (increase).
With three axes, there are, in total, eight scenario possibilities, of which four are worked out. Runs with MARKAL show that if the diffusion of fuel-cell cars in China wants to set off, high technological development is a necessary condition. In other words, in case of low technological development in China, fuel-cell cars have no chance to be implemented. Besides, in the runs (and also in the scenarios worked out) it is assumed that the economic growth in China will continue and that no social discontinuities will occur. So, the amount of scenarios is reduced to four by keeping out the scenarios with low technological development (see Figure 1) . So, in total, four scenarios will be worked out: 
KEY MARKAL DATA FOR CHINA
The development of the MARKAL-database for China has been initiated at PSI during the AGS-CETP project 14 in cooperation with the Tsing-hua University. The present version of CHINA-MARKAL is the product of cooperation between the Tsing-hua University, the Working Group on Energy Strategies and Technologies (WGEST) and the China Council for International cooperation for Environment and Development (CCICED) 15 . It represents the existing and future reference energy system of China in which a spectrum of resources, energy conversion systems, secondary fuels and the end-use demand sectors are described.
The transportation model is updated and includes a comprehensive analysis of recent demand projection together with the description of existing technologies in the passenger car sector of China based on a systematic review of Chinese and international literature [20] [21] [22] [23] [24] . Furthermore, the description of future costs and emissions of the main transportation technologies involved is based on the international literature 13 and is summarised here.
In 2000, the Chinese car fleet had around 6.5 million passenger cars, of which around 99% were gasoline cars, around 1% diesel and a very small fraction were LPG (Liquid Petroleum Gas) and natural-gas (NG) cars. The existing gasoline car will be replaced by the gasoline car with spark ignition with higher performance and lower emissions per km, available from 2000 onwards. Three fuel-cell systems are added into the model. These are the hydrogen fuel-cell vehicle (FCV), the gasoline fuel-cell vehicle and the methanol fuel-cell vehicle. Other powertrains that are assumed to enter the market are the hybrid (HEV) gasoline vehicle with direct injection, the hybrid diesel car and the hybrid compressed natural-gas (CNG) car. These cars might be the successors of the traditional gasoline, diesel and natural-gas cars. The future cars selected represent a standard (reference) car class with a fixed mileage.
In Table 3 the updated data for the passenger-car sector are given. For all technologies selected the energy efficiency, the capital and operating and maintenance costs (O&M) are given, as well as the emission levels. No constraints are put in MARKAL on the maximum penetration or share to be gained by a powertrain.
By adding hydrogen and methanol fuel-cell cars into the model the costs of hydrogen and methanol delivery are also added into the database. These costs are assumed to be 9 US $ per GJ for hydrogen 17 and 5 US $ per GJ for methanol 18 . The costs of hydrogen and methanol production were already available in the existing database 15 .
The demand for passenger-cars is projected, using available reports 15, 19 as reflected in Table 4 . The enormous increase in demand, from around 300 billion passengerkm (p-km) in 2000 to around 4000 billion p-km in 2045, is due to the increase of Chinese Gross Domestic Product (GDP) 15 . The relation between the motorization rate and the (GDP) is stated in the literature 19, 20 . By using the plain version of MARKAL, the demand is given exogenously, and will not change when prices change, what is the case when the partial equilibrium version of MARKAL is applied. Note: All costs are given in US $ of the year 1995. Note: Although the energy efficiency in p-km per MJ is kept constant over the period analysed, the energy efficiency in km per litre increases, due to the declining load factor (see Table 4 ). According to the literature 2, 16 every twenty years the efficiency increases by 10%. Note: No learning curves included, but all technologies are assumed to be mass-produced. With regard to the four scenarios, the axes, shown in the previous section, are transformed into the MARKAL parameters as shown in Table 5 while their level has been selected based on the policy parameters applied in the existing China-database 15, 20 . The macroeconomic consistency of the different scenario assumptions to fulfil the economic growth assumptions and technological development has not been examined. This could have been addressed using the macro-economic driver of MARKAL 25 but this was out of the scope of this research. Also, the benefits of "Clean Development Mechanisms" due to trading of carbon emissions permits in the case that China joins the global carbon mitigation efforts has not been examined in this study.
SCENARIO RESULTS

Scenery of the scenarios
All scenarios imply increasing car demand, caused by the rising GDP, but also partly by the growing population. These two factors are also fundamentals for the increasing energy demand and supply, where coal sup- ply will play the dominant role. These developments are assumed to occur, i.e. these are driving forces with low uncertainties. Moreover, as mentioned in section 4, all scenarios explicitly imply high technological developments (a necessary condition). This reveals itself in the availability of advanced technologies in China (see Table 5 ) and, more specific, in the low costs of fuel cells for passenger cars (till around 30 US $ per kW).
Note that the following scenarios do not constitute a projection of the future of the passenger-car sector in China, but that it only gives picture of a possible future world under specific assumptions and in a specific framework.
Scenario 1: Hybridisation of the car fleet
In this scenario there is high technological development, but no strong environmental government intervention, and no drastic increase of fossil fuel prices.
The economy matters for the Chinese government, environmental issues play a less dominate role. The car fleet has improved in efficiency over time (with lower emission per km), but the increasing car fleet partly offsets the improvement in efficiency and the reduction of tailpipe emission. In some, more wealthier, cities, public transport is well organised, the car fleet contains mostly natural-gas vehicles and environmental problems are visible, but relatively under control. But in general, the environmental problems are high (see Figure 2) . The transport sector is one of the major contributors.
The allocation of the different powertrain systems for the passenger car sector in this scenario is reflected in Figure 3 . The data for 1995 and 2000 were available from the Chinese literature and therefore set as fixed outcomes of the model (this holds true for all scenarios). The gasoline car has the highest share, a small share is for diesel cars and since 1995 the better performing (and less dirty) gasoline car has been entering the market. After 2000, the better performing gasoline vehicle takes over the market. In the outcomes the diesel car looses its share, but this will probably not be the case in reality. The diesel car does not show up in the results, because it has higher investment costs, while the lower variable cost (lower fuel costs) does not offset the higher investment costs. In the model a standard reference car is used with a fixed mileage (km per year per car), which is in favour of gasoline cars instead of diesel cars.
There were no real motives for the (car) industry to invest in alternative cars, while there was no push from outside. Therefore, alternative powertrains (e.g. fuel-cell cars) have had problems to enter the market. Only the (hybrid) natural-gas cars could enter the market. From 2035 onwards this powertrain enters the market, because the fuel price of natural gas in relation to the fuel price of gasoline is low enough to offset the higher investment costs.
In Figure 2 the total energy system emissions of CO 2 , NO x and SO 2 are shown. Without emission restrictions, CO 2 and NO x emissions will continue to increase, due to the increase of energy demand, although advanced and cleaner technologies are available. These advanced technologies do have its impact on SO 2 emission levels, as shown in the figure.
In Figure 4 the primary energy supply is reflected. This figure gives us insight in the way energy carriers are allocated in this scenario. Coal is and will be the primary energy carrier in the future. The technological development is shown in the figure as renewables and nuclear will reach a share of around 17% in 2045.
Scenario 2: A hydrogen economy
In this scenario, the main driving force was the oil and gas scarcity, which resulted in higher fuel prices. The prices for fossil fuels went up after 2025. Hydrogen becomes the new energy carrier in the world. Since the fear of energy resource scarcity, the hydrogen market is expanding rapidly. The industry changed, technological development (innovations) increased. First there were the stationary hydrogen power plants and the hydrogen buses, later on the fuel-cell cars entered. There had been several pilot projects in the United States of America and Europe, which resulted in a niche market. The costs of fuel-cell stacks (US$/kW) dropped to a level similar of that of internal combustion engines. China followed the global trend to swift to a hydrogen economy.
The impact of the developed and new technologies on the environment is visible, especially in the cities. Respiratory illness and mortality due to air pollution has not been increased dramatically since 2025, i.e. the situation has not deteriorated.
The results of the allocation of the different powertrains for this scenario are reflected in Figure 5 . It shows us that with high prices for fossil fuels the fuel-cell technology becomes cost competitive. Diesel cars and perhaps natural-gas vehicles will have their share in the market. After 2025, where the fossil fuel prices go up (times four), three technologies form the market: gasoline hybrid cars, hydrogen fuel-cell cars and natural-gas vehicles.
The levels of emissions are not regulated by government intervention. Therefore CO 2 and NO x emission accrues over the period, in a situation of energy demand growth, as shown in Figure 6 . Only SO 2 emissions decrease because of the use of better technologies. For this emission type the lower emission levels do offset the increase in energy demand. In Figure 7 the primary energy supply is reflected. Because of the increase in the prices of fossil fuels, the use of cheaper coal (in relation to the other fossil fuels) increases in the results of MARKAL. The electricity is supplied by nuclear power and renewables. Oil supply amounts 6 till 9 EJ. Natural gas is hardly used after 2025, which might be surprising, because the price of natural gas is much lower than that of oil. Besides, the low use of natural gas means that the hydrogen is produced out of coal.
Scenario 3: "Environmental reformation"
In this scenario, the environmental policy of China starts to change by 2010. The Chinese government reacted to the economic losses (e.g. damage to crops and respiratory illness) because of environmental pollution. Pressure on the government's policy also came from the public but also from foreign countries, as China is one of the largest energy consumers of the world and the main contributor to acid rain and global warming.
Stricter environmental regulations were applied. Emission targets were set and coal power plants had to be provided with scrubbers. Besides, China did not want to become too dependent on foreign fuel suppliers, and restricted oil imports.
In the car industry, first the EURO III and IV emission standards were applied, and later on it went to SULEV-standards (Super Ultra Low-Emission Vehicles). Natural gas vehicles and hybrid cars became more important, and new technologies were imported (or "copied" from the industrialized countries). Natural gas (NG) vehicles profit from existing niche markets; build up in the beginning of the century, and from the expanding use of natural gas in the power sector. For the power sector, large gas-pipelines were constructed from Siberia and central Asia.
The costs of the fuel cells have decreased rapidly, initiated by developments in foreign countries, due to the market entering of fuel-cell bicycle, fuel-cell busses, and stationary hydrogen power plants in China several years before.
The result of the constraint for the passenger-car sector is reflected in Figure 8 . Still gasoline (and diesel) is the fuel for the passenger cars until 2025, but after 2030 natural-gas cars take over the market, followed by hydrogen fuel-cell cars from 2035 onwards. The reason why there is a shift in the MARKAL results towards natural gas and later on towards hydrogen fuel-cell is not only that these car emit less SO 2 , PM and NO x , but most important is the reduction of CO 2 emissions. In relation to the other car types, most profit can be yield on this item. So, to meet the CO 2 constraint of 66 GtC over the analysed period in MARKAL, there is a shift towards hydrogen fuel-cell vehicles. The emission limit of 66 GtC corresponds to a global concentration of 450 ppmv and an initial endowment of emission rights for China proportional to its population share in the year 2000 (e.g., 21.5%).
For this scenario, the outcomes of MARKAL show that the total amount of resource-based CO 2 emissions, over the analysed period , is around 60 GtC. Compared to scenario 1, the reduction is around 20 Gt of carbon. All emissions show a decline in tonnes per year after 2025, except for the SO 2 emissions, which starts to decline after 2010, due to the use of advanced technologies.
In Figure 10 the primary energy supply is reflected. Coal is the major primary energy carrier until 2030. Af- ter 2030 natural gas gains a similar share as coal, due to the emission constraint. Renewables and nuclear will reach a share of 19% and 14% respectively in 2045.
Scenario 4: "Self-sufficiency"
In this scenario natural-gas vehicles will dominate the streets of China between 2015 and 2040 to a large extent. China's car market has followed a similar pathway as the ones in Argentina, India, Pakistan and Egypt. In an expanding market, the government stimulates the use of natural gas as a fuel for passenger cars. The Chinese have chosen to stimulate a known technology, which can be implemented relatively easy and cheap, but which has a positive impact on the environment.
The increase in fossil fuel prices after 2025, produces minor changes in the energy supply, but do so in the (conversion) processes and end-use technologies. It stimulates the use of cheap coal, but by utilization of environmentally friendly technologies, and of nuclear power, to obtain the CO 2 emission target, set by the government (as well as targets for local emissions). Also hydrogen fuel (out of coal) is one of the means to obtain the target(s).
Hydrogen out of coal (with CO 2 sequestration) becomes cost competitive for the passenger-car sector, whereas the hybrid natural gas and gasoline cars loose their attractiveness of high fuel-economy with low fuel prices. Hydrogen fuel cells are attracted by the application of fuelcell buses from 2015-2020 onwards. Besides the market for fuel-cell bicycles stimulates fuel-cell car technology.
Dependencies on the fossil energy carriers, oil and gas, are not high. China has a self-supporting energy supply. Moreover, China's (environmental) policy was able to counterattack the increasing fossil-fuel prices because of its self-sufficiency.
The outcomes of the model for the passenger-car market are given in Figure 11 . The results in the first fifteen years are similar to all other scenarios -first gasoline cars, followed by better performing gasoline cars -, but now the hybrid natural gas car enters the market already in 2010, whereas in the other scenarios the hybrid gasoline car enters first. Till 2030, the hybrid natural-gas vehicle and hybrid gasoline car dominates the market. After 2030, hydrogen fuel cells become cost-competitive, due to the high fossil fuel prices, and this car type takes over the market in the MARKAL results.
The same remark about the dominance of gasoline cars and the absence of diesel cars in the results, made in section 5.2, holds also true in this scenario. Diesel cars gain a certain market share, which is also likely for the natural-gas car (the predecessor of the hybrid natural-gas car). With the stimulation of natural-gas buses in some major cities in China (e.g. Beijing and Chongqing), and the stimulation of natural-gas cars later on, the entering of hybrid natural-gas car market is then a more logical result. In this scenario, the outcome of the total CO 2 emission level is given by the cumulative emission constraint. Till 2030, CO 2 emissions per year increase, due to the increasing energy demand and existing technologies, but after 2030 the CO 2 emissions per year decline by the imposed constraint. Although energy demand is increasing, SO 2 emissions per year decline, due to the utilization of advanced technologies, which is necessary to achieve the CO 2 emission constraint. NO x emissions per year increase slightly, but go down below the value of 2000 after 2035.
In Figure 13 the total energy supply over a period of 50 years is reflected. The allocation of coal increases steadily over the period. Nuclear and renewable powers fill a large part of the new demand. Oil and natural gas use varies between 5 and 7 EJ after 2025.
Sensitivity analysis
The outcomes of the model depend on a large number of inputs -e.g. efficiency, investment cost, and emissions -from various sources, each with a host of assumptions, and many of which have considerable uncertainties. To examine the robustness of the outcomes a sensitivity analysis was carried out.
For this research, the estimated or assumed values of the variables (parameters) will be varied to examine the effect on the final result (distribution of demand for passenger cars and fuel-cell cars in particular). The following four of the most important or uncertain assumptions are examined:
Investment cost
The costs of purchasing a natural-gas car (ICE and hybrid), the hybrid gasoline and diesel car are all assumed to be in a range of 600 US $ from each other, and three of them in a range of 300 US $. As soon as the investment cost of one type is lower than the other the technology appears in the results of MARKAL (except for the natural-gas car) and might even take over a large share of the market. This holds also true for the three fuel-cell cars, but here the cost difference must be more than 700 US$.
Variable operating and maintenance costs
The variable operating and maintenance (O&M) costs are the annual costs for maintenance and tires. In the model these costs have the same value for all passenger car types (43.9 US $ million/ billion p-km), because of insufficient data of O&M costs for all powertrains (in China). Although the maintenance for fuel-cell (cars) will be lower than of internal combustion engines, as there are no moving parts, this cannot yet be expressed in quantitative terms. The sensitivity analysis carried out on this variable shows that, in the base case, a decrease of one US dollar per 1000 km for the hybrid natural gas and hybrid diesel car (all other values kept constant) is enough to replace or gain a share in the market. The switching value of the variable O&M cost for the hydrogen fuel-cell car is 42 US$ per 1000 p-km. Switching values of the same order can also be found for the other scenarios. 
Emission control
We have varied the constraints of CO 2 , but also examined the effect of SO 2 emission and NO x on the diffusion of fuel-cell cars in China. The CO 2 emission constraint has the largest influence on the appearance of fuel-cell cars in the results of MARKAL. This can be derived from the fact that only with strict CO 2 constraints the diffusion of fuel-cell cars takes off (scenario three and four). The switching value (no fuel-cell cars in the results) lays around 70.5 GtC. NO x emission constraints seem to have an impact on the diffusion of hybrid natural-gas cars. Higher SO 2 emission constraints do not lead to a higher diffusion of hybrid natural-gas cars or the entering of fuel-cell car technology in the results.
Fossil fuel price
In scenario two the prices of fossil fuels are increased by a factor of four, after 2025. Sensitivity analysis shows that if the prices go up till a maximum of three times higher, the gasoline cars still dominate in the outcomes of MARKAL. Above five times higher fossil fuel prices fuel-cell cars, eventually will take over almost the whole market.
CONCLUSIONS AND DISCUSSION
Before diffusion of (hydrogen) fuel-cell cars can take place in OECD-countries, and later on in China, three problems have to be solved. The first is the problem of hydrogen storage followed by the problem of fuel contamination. Third, the costs of the fuel cell have to be reduced with a factor of at least ten till twenty, before it can be cost competitive with the conventional powertrains. The system is cost competitive when the price of a fuel cell is around 50 US$ per kW, but more preferable is a price of 30 US$ per kW. Without these achievements diffusion of a fuel-cell cars will not set off. This is strengthened by the fact that, because of the increase in performance of conventional powertrains and the decline of emissions per kilometre, the diffusion of hybrid cars, and in some countries, the diffusion of natural-gas cars, the relative advantages of the fuel-cell car (high efficiency, low or zero emission) declines. Moreover, the price of hydrogen production and delivery is a major barrier yet.
Scenario one, "hybridisation of the car fleet", shows that high technological development alone is not a sufficient condition for the diffusion of fuel-cell cars to set off. Instead, the hybrid gasoline and natural gas car sales set off. So, high technological development is a first necessary condition, but not a sufficient condition to set off the diffusion of fuel-cell cars in China.
Before 2025, the conclusion can be drawn that the better performing gasoline car enters the market, which replaces the dirty existing cars, followed by the hybrid gasoline car (diesel and NG cars might also gain a significant market share). Apparently, the investments already made in the energy infrastructure and the high price of alternatives does not allow changes in this infrastructure. The differences in the diffusion of powertrains (could) originate first after 2025,
In the scenarios "a hydrogen economy" (#2), "environmental reformation" (#3), and "self-sufficiency" (#4) the diffusion of (hydrogen) fuel-cell cars sets off after 2025.
In scenario two, "a hydrogen world", the increase of fossil fuel prices after 2025 causes "alternative" fuels and technologies to become cost competitive (and innovations to take off). Hydrogen (out of coal) fuel cells gain interest, because of the lower fuel costs.
The incentives of the government play a significant role in the diffusion process, as they shape the policy and a boundary (conditions) wherein the car or energy companies can operate. In scenario three, "environmental reformation", the diffusion of fuel-cell cars sets off, because of the emission restrictions. The main force is the reduction of CO 2 emissions. Therefore, new technologies have to be implemented. In this scenario an important role is granted for natural gas, to obtain the emission target(s) and to produce hydrogen out of this fuel.
In scenario four, "self-sufficiency", a combination of high fossil fuel prices and strong environmental policy, in an environment of high technological development, would have the highest impact on the diffusion of fuelcell cars. After 2025, fuel-cell cars are the successors of the natural-gas cars, initiated by the higher fossil fuel prices. In this scenario the importance of reducing supply security fears is shown, and China succeeded in building a self-supporting and clean energy-supply system.
Obviously, it is necessary to gain a high degree of consensus among the important actors and a breakthrough of the trend followed to set off the diffusion of the fuelcell cars. The scenarios worked-out imply such consensus and breakthrough.
It is hard to estimate to what extent (i.e. in manufacturing units) the diffusion of fuel-cell cars will take place in China, because no determination is made of the maximum amount of fuel-cell cars that can be produced annually (i.e. no production constraints) or market penetration constraints are added into the model. This was not done in this assessment as the time and budget resources were limited. However, the results of MARKAL do show when and under which conditions fuel-cell cars might diffuse and that there is no restriction in the amount of hydrogen that can be produced to satisfy the demand. Further research could include the identification of market penetration and production constraints, as well as stakeholder analysis and improvement of the MARKALdatabase of China.
APPENDIX: MARKAL OVERVIEW
Using Linear-Programming (LP) techniques, MARKAL (Market Allocation 9 ) optimizes a Reference Energy System (RES) composed of sources (e.g., imports, mining, exports, and stockpiling of fuels and renewable resources), energy technologies (e.g., processes, conversion systems, and end-use devices) and demands for energy services (ES). This system is evaluated over multiple time periods and is driven by exogenous demands for energy services of the different economic sectors (e.g., industry I, residential R, transportation T, commercial services S, and agriculture A). The MARKAL model defines the energy flows and transformations needed to meet these exogenous demands, satisfies a set of imposed constraints and minimizes the total system cost discounted over the specified time horizon.
The RES constructed for the China MARKAL model focuses primarily on end-use devices, on power generation and on synthetic fuel production. Figure 1 gives a matrix of demand for ES (i.e., at the right of the diagram) versus the energy carriers being considered (i.e., in the left of the diagram); each intersection represents a set of process (PRC) or conversion (CON) technologies or demand devices (DMD) (i.e., in the middle of the diagram); which along with their respective cost, technical, and policy parameters (e.g., deployment rates, emission, efficiencies constraints) determine the optimal mix needed to meet a specific level of exogenous demand. The mathematical formulation of the model can be found in the literature; here the main model constraints are discussed: -Demand Balance: The demand for energy services must be met at each period by a set of competing enduse devices. The user must provide an exogenous baseline scenario, which specifies the demand projection for energy services. -Capacity transfer: The operating capacity of each technology is equal to the initial installations that are still productive plus new investments. -Use of capacity: Each technology's activity must not exceed its installed capacity times a maximum availability factor. • TECHNOLOGY COSTS, PERFORMANCE DATABASES;
• DEPLOYMENT RATES AND OTHER LIMITATIONS;
• EMISSIONS CONSTRAINTS (CAPS, TAXES).
• ENERGY COSTS
• GENERATION MIXES • EMISSIONS
• MARGINAL COSTS OUTPUT -Energy-carrier balance: Production, exports and imports of an energy-carrier must at least equal consumption (including network losses). -Peak/Based Load demand for electricity (heat): The installed capacity of electricity (heat) producing technologies must meet peak demand within a reserve margin; based load demands as well as demands within the time slices of the load profile.
-Emission constraints:
The user may impose on the whole system (or in a sector) upper limits on emissions of one or more pollutants. The limits may be annual or cumulative. -External cost: The model user can apply regional or global externality taxes per technology or pollutants instead of emission constraints. -Other constraints: In addition to the above standard constraints, the user may include special constraints. For instance, one may force certain technologies in (or out of) the solution or apply market share constraints to calibrate the model to the initial period statistics, or to introduce market penetration constraints on capacity expansion or declining.
